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TECHNICAL MEMORANDUM
PRELIMINARY SCIENCE REPORT ON THE DIRE-CTIO14AL SOLIDIVICATION
OF HYPERRUTECTIC CAST IRON DURING KC-135 LO ►-G MANEUVERS
INTRODUCTION
Alloys solidified in a low gravity onvironmon't can, due to the elimination of
sedimentation and convection, form unique and often desirable microstructures (1-41.
One method of studying the effects of low-gravity on alloy solidification has been the
use of the KC-135 aircraft flying repetitive low-ji; maneuvers. Bach maneuver gives
from 20 to 30 seconds of low-g which is between about 0.1 and 0.001 grav:LLY. The
frequency of RO-135 flights can provide an opportunity for a much faster learning
curve than is available at the present time from either sounding rocket or orbital
experiments. For experiments that require more low-g time then afforded by the
droptube or droptower facilities (2,51 and which are procursorary to orbital pro-
cossing experiments, the KC-135 provides a valuable research environment in which
the experimenter can interact with his experiment in real time.
Provioua- alloy solidification experiments on the KC-135 have attempted to quench
ingots of molten metal within the time span of as 	 low-g parabola [6-81. Direc-
tional solidification, however, has many Important advantages over the quenched
ingot methods for alloy solidification experiments, especially in the KC-135. In direc-
tional solidification, the solidification interface earl 	 slowly advanced through v. rod
of the sample. Controlled solidification can continue through a number of aircraft
parabolas. The known solidification rate of the sample can then be correlated with
accelerometer data to determine the gravity level during solidification for any location
on the sample. The thermal gradient and solidification rate can be controlled in-
dependently; whereas, for the quench ingot method the complexity of the three
dimensional cooling problem makes their control very difficult. Consequently, by
directional solidification we can obtain fundamental scientific information not obtain-
able by the ingot quench techniques. Directional solidification also greatly mitigates
the need to obtain one-g control samples (solidified under conditions that precisely
match the flight conditions) in order to detect a gravitational effect. Directional
solidification can also remove constraints on the sample cooling rates, since in direc-
tional solidification it is not necessary to completely solidify the sample in a single
low-g parabola. In a collaborative effort with Dr. Mary H. Johnston, a G. E . built
ADSS-P directional solidification furnace was modified to make it compatible for use
on the KC-135.
Cast iron has been identified (9) as a candidate material of possible value in the
study of the effects of sedimentation and convection on alloy solidification. NASA is
presently involved in research efforts studying low--g solidification of cast iron for
its scientific value (101 and also to obtain data of possible significance to commercial
casting processes [111. Off eutectic compositions of cast iron may be especially inter-
esting for study in low-g. For example in hyporcutactic cast iron molts, a lighter
graphite phase is present in a heavier malt. Sedimentation affects are likely to be
significant during the solidification process [9,121.
The directional solidification furnace was first integrated in the KC-135 during
the September 82 series of flights. The two objectives were: first, to flight test the
furnace system, and second, to study any law-g effects on the solidification of hy-
pereutectic cast iron and of a superalloy composition. This report deals with the
results of the solidification of the hypercutectic cast iron sample.
PROCEDURES
A C. E. prototype ADSS furnace (13) wasmodified for use in the KC-135
(Fig. 1) primarily by adding a portable quench block water circulation system. The
system consists of a 10 lite, reservoir, an expansion tank, and a peristaltic pump
(Fig. 2) . On top of the quench block in the furnace canister is an 11 cm long
furnace element consisting of platinum rhodium wive double wound around an alumina
core. The sample is placed in a 1/2 cm ID, approximately 40 cm long:, alumina
crucible. The furnace is than translated, using a motor and gearing system, and
thus the sample is gradually solidified. Figure 3 shows the quench block temperature
versus time with the closed cooling system and a maximum furnace temperature of
15000 C. The change in quench block temperature of approximately 25°C will have an
insignificant effect on the thermal gradient in the sample. A thermal profile of an
empty crucible, measured with the maximum furnace temperature of approximately
1500°C, is given in Figure 4. By varying the maximum or plateau temperature in the
furnace cavity we can obtain various thermal gradients. Figure 5 shows the thermal
gradients in an empty crucible obtained for various maximum furnace temperatures.
The hypercutectic iron sample solidified during the flight was prepared by adding
excess carbon to a commercial cast iron composition. The compositional analysis W'tcr
aloying is given in Table 1.
To facilitate the analysis of any low--g effects, it is desirable to have at least
1/2 mm of solidification during the approximately 20 sec of low-g in each parabola.
The commercial iron composition used could be solidified at 2 mm /min and still obtain
grey iron, avoiding the metastable white phase, by employing a thermal gradient of
approximately 400°C per cm. Figure 6 shows the graphite microsiructure at 1 and 2
mm/min translation rates.
The procedure during the flight experiment was as follows: The furnace temper-
ature was brought up to 1500°C within a period of about 20 min. The furnace was
then translated vertically upwards at a rate of 1.2 mm/min for 13 min during which
time 10 low-g parabolas were flown. The furnace was then shut off and the trans-
lation stopped.
Th-a directionally solidified sample was sectioned longitudinally. One half was
reserved for compositional analysis while the second half was polished for photo-
metallography. For comparision a control sample was run in the lab simulating the
thermal and temporal environment experienced by the flight sample.
RESULTS
Furnace Operation
The furnace operated nominally during the flight experiment except for two
problems. The first was 'that the translation motor RPM during the flight tended
to drift by a maximum of about 10 percent. This required frequent adjustment by the
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Fitrure 2. Directional solidification furnace showing; the portnlfle quench block
waiter circulation system - expansion tank (top), 10 liter reservoir (center),
mid peristaltic pump (bottom).
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Figure 3. The change in quench block temperature with time for a furnace
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TABLE 1. CHEMICAL ANALYSIS OF HYPEREUTECTIC CAST IRON
Element	 C	 Si	 S	 P	 Mn	 Cr	 Ni
Wt `ls	 4.52	 2.047	 0.0102	 0.013	 0.039	 0.026	 0 030
Element	 Mo	 Cu	 Mg	 Sn	 Al	 Ce
Wt %
	
<0.001	 <0.010	 <0.002	 0.005	 0.002	 <0.001
Element	 Ti	 Te	 V
Wt %
	
0.028
	 <0.001	 0.025
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operator on board the airplane (Fig. 7). It is not known whether the RPM fluctuation
was caused by the change in gravity level or by input power fluctuations. Since the
flight, however, an electronic servo motor controller, employing a photosensitive
tachometer, has been added to the furnace system to eliminate this difficulty. Figure
8 shows the motor control system prior to installation in the flight furnace. Tests of
the system have shown it to be able to compensate for up to a 20 percent power
fluctuation to the motor with a response time of about one sec. The second diffi.oulty
was due to the limited supply of 110 V 60 cycle power on the airplane. Conseqllontly,
the furnace was only run at temperature for 15 min rather than the 30 min planned.
This limitation could preclude running more than one sample per flight and thus
could seriou : n^, limit the productivity of the system. The installation of an additional
aircraft power inverter is planned which would make available unused aircraft power
for 110 V 60 cycle systems.
Experimental Results
Figure 9 shows a low magnification composite photometallo graph of the flight
sample and of a ground based control sample. Also given are the position of the
primary melt interface and a scale corresponding to the distance on the sample from
that interface. A second scale (assuming that the solidification interface advanced at
the same speed as the furnace) corresponds to the parabola number and the gravity
environment for the flight sample. The position for both samples at which the trans-
lation was ,stopped_ is also indicated.
One anomaly in the control sample is the porosity at about 2 mm from the
prima';'.. :'a It interface. It was caused by the melted metal running down the side of
U13	 in tho Crucible. It precludes any comparison with the flight sample in the
porouw region and could also have effected the solidification of the rest of the
control sample. Work is continuing to obtain a control sample that more accurately
reflects the thermal conditions encountered by the flight sample.
Figure 10 shows a higher magnification photomicrograph of the two samples
between the primary melt interface, and the porosity in the control sample and to
about the beginning of the second low-g parabola in the flight sample. Fine,
apparently eutectic graphite, as well as irregular shaped graphite is evident.
Corresponding to the width and position of the second and fourth low-g
parabolas in the flight sample, there is a pronounced increase, relative to the
surrounding regions, of coarser graphite flakes. A 200 Xs photomicrograph of this
structure is shown in Figure 11. The higher magnification reveals finer graphite
flakes that exist between coarser flakes.
The microstructure between approximately 2 mm ;end 8 mm from the primary
melt interface in the control sample remains relatively constant (Fig. 12) . The
graphite is roughly equivalent to the fine graphite that is present in the flight
sample from about 3 to 8 mm from the melt interface.
From about 8 mm to about 13 mm both samples contain a mixture of both fine
and coarse graphite flakes. A typical microstructure for each sample is sh,_)wn in
Figure 13.
In the flight sample at about 13 mm from the primary melt interface there
occurs a more randomly orientated system of very large flakes in a matrix of finer
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Figure 7. Directional solidification system being operated during the
9-22-82 KC-135 flight. (MSFC personnel Robert Shurney is
measur;ug furnace RPM, and Wendy Alter is taking data.)
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FLIGHT SAMPLE
Figure 11. Microstructure for Cie flight sample 2.5 nun from the
primary melt interface.
flakes of graphite. This continues thrcueh the rest of the sample. In the control
sample a similar microstructure is obtained but more gradually.
DISCUSSION
A promotion of coarser graphite during solidification in low-g, relative to that
in high-g, is suggested by the microstructure of that part of the flight sample that
was solidified between the first and fifth parabolas. Coarsening of the graphite
during low-g solidification could be explained by either of the following hypothesises:
A) Lack of convection lessens the tendency for the graphite leading the solidifi-
cation front to break up.
B) Lack of flotation allows primary graphite to be incorporated into the solidifi-
cation front.
The observation that microstructure in the low-g "bands" contains a matrix of fine -
13
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f
probably eutectic - graphite along with the coarse flakes (Fig. 11) tends to favor
hypothesis B.
The morphology (Fig. 10) of the irregular graphite between the primary melt
interface and approximately 2 mm from it is similar to the graphite in the unmelted
portion of the sample prior to the melt interface. This indicates the graphite up to
that point did not completely dissolve in the melt; the reason can be seen in Figure
4. The thermal profile of the furnace is such that the temperature rise from the melt
interface to the furnace maximum temperature occurs over approximately 1 cm of
sample. Thus, it was probably not hot enough near the primary melt interface to
completely dissolve all the graphite that was present. This problem could be remedied
by translating the furnace approximately 1 cm before beginning directional solidifi-
cation at the desired rate.
The gradual increase with distance from the primary melt interface in the amount
of coarser graphite in both samples can be explained by either the rejection of
sulphur [ 14] or of primary graphite at the solidification interface. The observation
that the fine graphite remains about the same size throughout supports the latter
hypothesis. The increasing concentration of primary graphite with distance from the
primary melt interface could also explain why coarse bands would only be observed
in the initial parabolas, since after the primary graphite concentration increases to
the level where the flakes intersect flotation is no longer significant. Chemical
analysis of the flight sample is planned to determine the compositional profiles of
carbon and sulphur.
The microstructure in the samples from about 13 mm from the primary melt inter-
face though the rest of the samples remains approximately the same, and it is
essentially the microstructure that occurred from the slow cooling of the sample after
the translation was ;,topped and the furnace was turned off. It should be noticed
that this interface (in the flight sample) occurs at about 13.5 mm from the primary
melt interface even though the furnace translation had been stopped about 2 mm
later - after the tenth parabola. This indicates that 2 mm of sample melted back
after the furnace was turned off.
CONCLUSIONS
1) The microstructure of the flight sample suggests that low-g promotes the
incorporation of large graphite flakes into the solidification front. However, further
flight and ground experiments and more detailed analysis are needed to determine
with a r ;asonable certainty that this is a gravity induced effect and not an artifact
of the experiment.
2) The conversion of additional aircraft power to 110 V 60 cycle is needed to
fully support this series of experiments.
3) Directional solidification can greatly enhance the information obtained from
alloy solidification experiments on board the KC-135. The method promises to be a
valuable tool for the study of low-g effects on alloy solidification.
16
REFERENCES
1) Witt, A. F., Gatos, H. C., Liehtensteiger, M., Lavine, M. C., and Herman,
C. J.: Crystal Growth and Steady-State Segregation Under Zero Gravity: In Sb.
J. Electroehem. Soc.: Solid State Science and Technology, 1975, pp. 276-283.
2) Lacy, L. L. and Otto, G. H.: The Electrical Properties of Zero Gravity Pro-
cessed Immiscibles. AIAA Paper 74-208, Washington, D.C., January 30 -
February 1, 1974.
3) Larson, D. J.: The Zero-G Processing of Magnets, ASTP Experiment MA-070
Prelimiary Science Report. Johnson Space Center, NASA Report No. TXM-58173,
February 1976.
4) Wouch, G. Frost, R. T., Pinto, N. P., Kieth, G. H., and Lord, Jr., A. E.:
Uniform Dispersion of BeO Particles in Be Casting Produced in Rocket Free Fall.
Nature, Vol. 274, 1978, pp. 235-237.
5) Lacy, L. L, Robinson, M. B., and Rathz, T. J.: Containerless Undercooling
and Solidification in Drop Tubes. J. Cry. Growth, Vol. 51, 1981, pp. 47-60.
6) Alter, W. S., unpublished results.
7) Johnston, M. H. and Parr, R. A.: Low Gravity Solidification structures in the
Tin - 15 Wt % Lead and Tin - 3 Wt % Bismuth Alloys. Materials Processing in
the Reduced Gravity Environment of Space, (Ed.) G. E. Rindone, Elsevier
Science Publishing Company, Inc. , New York, 1982, pp. 303-346.
8) Fosbinder, L. L. and K1ann, R. W.: NASA Solidification of Cast Iron in Zero
Gravity. Deere and Co. Technical Report No. 173, August 1982.
9) Frankhouser, W. L.: Materials Processing Threshold Report, II. Use of Low
Gravity for Cast Iron Process Development. Final Report NAS8-33518,
February 1980.
10) Stefanescu, D. M.: Graphite Formation in Cast Iron. NAS8-34724, March 1981.
11) "Technical Exchange Agreement Between National Aeronautics And Space Admini-
stration And Deere And Company in The Area of Materials Processing in Lovi-
Gravity," signed June 29, 1981.
12) Schobel, J. D.: Precipitation of Graphite During The Solidification of Nodular
Iron. Recent Research in Cast Iron, Ed. M. D. Merchant (1968) , Gordon and
Breach Science Publishers, New York, pp. 303-346.
13) General Electric, Space Science Laboratory, Philadelphia, Pennsylvania, NASA
Contract Number NAS8-31536, November 1975.
14) Fredriksson, H. and Remaeus, B.: The Influence of Sulphur on The Transitions
White to Grey and Grey to White in Cast Iron. Recent Research in Cast Iron,
Ed. M. D. Merchant (1968), Gordon and Breach Science Publishers, New York,
pp. 303-346.
17
APPROVAL
PRELIMINARY SCIENCE REPORT ON THE DIRECTIONAL SOLIDIFICATION
OF HYPEREUTECTIC CAST IRON DURING KC-135 LOW-G MANEUVERS
By P . A. Curreri, D. M. Stefaneseu and J. C. Hendrix
The information in this report has been reviewed for technical content. Review
of any information concerning Department of Defense or nuclear energy activities or
programs has been made by the MSFC Security Classification Officer. This report, in
its entirety, has been determined to be unclassified.
A. J. DESSLER
Director, Space Science Laborat ry
4
18
